The new narrow-rim functionalised receptor 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrakis[2-(diethylcarbamoylmethoxy) III is 9-co-ordinated, being bound to the four ether and four carbonyl functions and to a water molecule itself H-bonded to the phenolic ether functions, which rigidifies the cavity formed by the pendant arms. Additionally, an ether molecule is inserted into the hydrophobic cavity defined by the aromatic rings. Both NMR (La, Lu) and luminescence (Eu, Tb) data point to a fairly high local symmetry at the metal centre, while lifetime determinations are consistent with the co-ordination of an inner-sphere water molecule. The new ligand sensitises the luminescence of the Tb III ion (Q abs = 5.8% in acetonitrile, τ F = 1.42 ms) while the probable presence of a LMCT state severely limits such a process for Eu III : Q abs = 2.0%, τ F = 0.73 ms.
Introduction
Calixarene-based metalloreceptors are increasingly used in various fields of practical importance, 1 e.g. the development of analytical luminescent sensors, 2 of highly luminescent lanthanide-containing probes, 3-5 of metal extraction and separation methods. 6 Lately, calix-crowns, CMPO-substituted calixarenes (CMPO is (N,N-diisobutylcarbamoylmethyl)octylphosphine oxide) and calixarene amides have been shown to be efficient agents for the extraction of caesium, lanthanides and actinides from radioactive nuclear waste solutions, 7,8 which explains the steady interest in these receptors.
9
In our laboratory we have initially turned our attention to dimetallic lanthanide complexes with calix[n]arenes (n = 5, 8) for the purpose of studying energy transfer processes 10 and, more recently, to the synthesis of calix[n]arenes bearing phosphinoyl pendant arms. For instance, p-tert-butylcalix [4] arene symmetrically functionalised with phosphinoyl arms forms stable lanthanide complexes in anhydrous acetonitrile with two different metal-to-ligand ratios, 1 : 1 and 1 : 2 (logβ 1 (La) = 11.4 and logβ 2 (La) = 19.6, respectively). Moreover, in anhydrous 1 : 1 complexes, the lanthanide ion is complexed inside the cavity formed by the arms, while it lies in the upper part of it when solvated by water molecules.
11 Calix[4] arenes substituted † Electronic supplementary information (ESI) available: 1 H-and 13 C-NMR spectra of A 4 bL 4 and its Lu III complex, excitation spectrum of the Eu III complex. See http://www.rsc.org/suppdata/dt/b1/b105513p/ at the narrower rim by four alkylamide functions feature a highly flexible non-preorganised pseudo cavity, but retain the cone conformation favourable to host-guest chemistry. They are therefore good complexation agents for alkali, alkaline earth and f-element cations. 12- 16 However, to our knowledge, relatively little work has been done on lanthanide complexes with calixarenes symmetrically grafted with pendant arms bearing acetamide derivatives, besides the initial work on p-tert-butylcalix [4] arene tetra-amide (L 0 ).
16-18
Our aim here is to design a predisposed host molecule bearing relatively long arms able to form a protective induced cavity upon complexation. We report the synthesis and characterisation of a new p-tertbutylcalix [4] arene functionalised at the narrower rim by four ether-amide arms, 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetrakis[2-(diethylcarbamoylmethoxy)ethoxy]calix [4] arene (A 4 bL 4 , Scheme 1) as well as of its complexes with Ln III ions. Structural and photophysical data are presented and discussed.
Results and discussion
Synthesis and characterisation of A 4 bL 4 The branched calix [4] arene A 4 bL 4 was obtained in four steps from the commercially available diglycolic anhydride 1 and p-tert-butylcalix [4] arene. First, diethylcarbamoylmethoxy acetic acid 2 was isolated as an oily liquid in 81% yield upon reaction of 1 with an excess of diethylamine in refluxing CH 2 Cl 2 (Scheme 2). Selective reduction of the acid function with BH 3 ؒ Me 2 S in THF at room temperature afforded N,N-diethyl-2-(2-hydroxyethoxy)acetamide 3 in 72% yield. Bromination of the hydroxy group was achieved in refluxing acetonitrile using SOBr 2 in the presence of Et 3 N as a base. After purification, 4 was obtained in 56% yield. Different attempts to obtain 4 using other solvents such as CH 2 Cl 2 or C 2 H 4 Cl 2 proved to be far less efficient and, in the latter case, the major species was the chlorinated compound. The longer reaction times required in these conditions may lead to thermal decomposition of the solvent with subsequent release of chloride which competes efficiently with bromide in the nucleophilic substitution at the carbon atom.
Ligand A 4 bL 4 was obtained in 50% yield via Williamson reactions by refluxing the tetrasodium derivative of p-tertbutylcalix [4] arene and excess 4 in toluene. This procedure demonstrates that the tetrasodium derivative can be formed even in a non polar solvent, provided adequate experimental conditions are used: heating, strong stirring, and nitrogen atmosphere to avoid oxidation of the phenoxide groups. The elemental analysis indicates that the isolated product is not solvated. The IR spectrum shows an intense band at 1651 cm ) for the methylenic protons of the macrocyclic platform, together with a large ∆δ value of 1.29 ppm between the two signals unambiguously points to a pure cone conformation with a time-averaged C 4v symmetry on the NMR time scale, both in acetonitrile and chloroform solutions. It has been reported 1,19 that the cone conformation of calix [4] arene often appears to be favoured by a template effect from the sodium ion present in bases, such as Na 2 CO 3 , Na or NaH, used for substitution at the lower rim. As a result of the hindered rotation around the C(O)-N bond, 20 the ethyl groups appear as two distinct A 2 X 3 spin systems. The partial superimposition of the two methylene quadruplets gives a multiplet at 3.32 ppm while two triplets are observed at 1.08 and 1. 13 , were observed (Table 1) . It is quite probable that the hydroxy species is formed by hydrolysis in the capillary during the analysis (T = 200 ЊC). No free ligand was detected in any of the solutions with R > 1, pointing to the formation of stable 1 : 1 complexes.
The speciation was further confirmed by monitoring the titration by 1 H-NMR. In the case of Lu III (see Fig. 1 ), a single new species is formed, whatever the amount of added metal ion is. For R values smaller than 1, the free ligand and the complexed 1 : 1 species co-exist in solution, with no evidence of a kinetic exchange process on the NMR time scale, nor of the formation of a species with 1 : 2 metal : ligand ratio. For R ≥ l, Fig. 1 
only signals from the 1 : 1 complexes are present ( Table 2) . Stability constants were estimated using the MINEQL ϩ program, 24 leading to the following values: logK 1 = 9.6 ± 0.1 and 8.6 ± 0.6 for La and Lu, respectively (±2σ).
For a 1 : 1 lanthanum complex with p-tert-butylcalix [4] arene fitted with phosphinoyl pendant arms, a somewhat larger logK 1 value of 11.4 has been reported, based on spectrophotometric titrations, 11 in line with the larger co-ordination strength of phosphinoyl groups compared to amide functions.
Solution structure of the 1 : 1 complexes in anhydrous acetonitrile
The NMR spectra of the complexes display important shifts and changes of multiplicity compared to the free ligand spectrum, as demonstrated by the Lu III spectrum (Fig. 1 , Table 2 , Fig. S3 , ESI). The most striking feature is the splitting of the signals arising from protons related by the dihedral and vertical planes of symmetry in the free ligand. The degeneracy of the H 1 , H 2 and H 3 protons is lifted upon complexation, which gives rise to two signals for each methylenic set of protons. Similarly, the aromatic singlet observed at 7.06 ppm for the free ligand now appears as two doublets at 7.37 and 7.42 ppm with 4 J values of 2.5 Hz. This reflects a lowering of the symmetry from C 4v to C 4 , which can be understood as resulting from the chirality induced by the wrapping of the arms around the metal ion. The largest difference observed between the chemical shifts of free and complexed ligand occurs for H 3 , which indicates that the metal ion is co-ordinated by both the amide and aliphatic ether functions (a fact confirmed in the solid state by IR data, see below). Another interesting point is the decrease in the difference in chemical shifts between H 13 ax and H 13 eq , which drops from ∆δ = 1.29 ppm in the free ligand to 0.72 ppm in the complex. Such a decrease has been previously ascribed to changes in the conformation from cone toward flattened cone, with ∆δ = 0 ppm in the extreme case of 1,3-alternate conformation.
25
Finally, a singlet at 7.05 ppm which integrates for two protons appears in the spectrum of the Lu III complex and despite its large shift is assigned to a co-ordinated water molecule. 2D-COSY and NOESY experiments do not reveal any scalar nor dipolar interaction with other parts of the molecule nor with the peak at 2.56 ppm which corresponds to free water. Upon addition of deuterated water, the signal at 7.05 ppm disappears
as a result of an exchange process with D 2 O. The large shift with respect to the free water signal (∆δ = 4.44 ppm) and the slow exchange rate on the NMR time scale point to the water molecule being co-ordinated inside the cavity defined by the ether functions of the arms and the phenoxide functions of the calixarene. On the basis of the 1 H-NMR data in anhydrous acetonitrile and the X-ray crystal structure (vide infra), we can infer that complexation of the metal ion induces a wrapping of the chelating arms around the metal centre in a clockwise (∆ isomer) or anticlockwise (Λ isomer) sense. If we suppose that the interconversion process which leads to the exchange between the ∆ ↔ Λ forms of the complex is governed by a transition state in which part (if not all) 26 of the chelating arms are displaced by water molecules, this process should be favoured by the addition of water and should lead to the coalescence of the aromatic signals. This is precisely what we observe with the aromatic signals, which coalesce, pointing to an exchange process between H 8 and H 10 . The larger ∆δ values for the other sets of methylenic protons do not allow coalescence, so that the corresponding signals are simply broadened. As the AB pattern corresponding to H 13 is clearly unchanged in the presence of added water, the cone conformation is certainly retained during these exchange processes. The
13
C-NMR spectrum of the Lu III complex confirms the symmetry deduced from the 1 H spectrum and displays sizeable shifts for the aromatic and carbonyl carbon atoms of the complex compared to the free ligand: ∆δ (= δ complex Ϫ δ ligand ) = 0.6 and 0.2 ppm (C ), 2.9 ppm (C 9 ), Ϫ1.6 ppm (C 12 ), Ϫ2.9 ppm (C 4 ) and Ϫ0.6 ppm (C 13 ). , a broad signal at 6.3 ppm is associated with two molecules of co-ordinated water, possibly undergoing an exchange mechanism. A quasi-doublet at 5.75 and a doublet at 4.1 ppm ( 2 J = 13 Hz) are assigned to the bridging methylene groups H
, while the peaks at Ϫ3.9 and 3.0 ppm are attributed to the -O-C(H 3 ) 2 -methylene groups. The large shifts experienced by these protons again point to the co-ordination of the four ether functions to the metal ion. The spectrum of the Tb III complex displays fairly broad singlet signals ranging from ϩ27 to Ϫ40 ppm, which are difficult to assign.
Isolated complexes and crystal structure of the Lu
III complex Ϫ1 with respect to the ligand, pointing to a strong metal-to-ligand interaction with the carbonyl groups. Moreover, the intensity of the band arising from the aliphatic ether (-OCH 2 -CON) is strongly reduced pointing to co-ordination of these ether moieties to the metal ion, while the two aromatic ether vibrations are only slightly shifted to lower energy, the one at 1264 cm Ϫ1 being more intense than in the free ligand, which indicates that these functions are implied in some kind of interaction. The sharp band at 1480 cm Ϫ1 corresponding to the (CH n ) vibrations is split into two components with ∆ν = 21 cm Ϫ1 . Two strong bands at 1031 and 639 cm Ϫ1 are also seen, which have been assigned to the ν s (SO 2 ) and δ as (SO 3 ) modes, respectively, of co-ordinated triflate in anhydrous lanthanide salts 27 and in lanthanide complexes formed with a chiral benzimidazole pyridine derivative. 28 Finally, bands at 574 and 517 cm Ϫ1 are indicative of the presence of co-ordinated water molecule(s).
29
Crystals suitable for X-ray diffraction analysis were obtained for the Lu III complex, which turned out to have the formula
The molecular structure could be solved and is displayed on Fig. 2 , along with a partial atom-numbering scheme, while relevant bond lengths and angles are listed in Table 3 . The Lu III ion is 9-co-ordinate, 30 The co-ordination polyhedron can be described as a distorted tricapped trigonal prism (Fig. 3) , a fairly usual geometry for 9-co-ordinate Ln III ions. The calixarene adopts a cone conformation with cone angles between opposite phenyl rings of 52.5(7) and 42.6(8)Њ. The four arms organise themselves so that the four O(ether) atoms are co-planar while the four O(amide) atoms define a puckered III complex with calix [5] arene. 32 Another peculiarity of the structure is the presence of a diethyl ether molecule included in the hydrophobic cavity defined by the phenol rings and which, like the co-ordinated water molecule, is arranged along a pseudo C 4 axis going through the metal ion. This solid state structure therefore confirms previous inferences based on vibrational data which show co-ordination of both the carbonyl and ether moieties and the implication of the phenoxide groups in some kind of interaction. Moreover, the NMR spectra demonstrate that this solid state structure is maintained in solution and the unusual shift experienced by the co-ordinated water molecule can now be easily explained. The relatively large stability of the 1 : 1 complexes in acetonitrile despite the presence of four weakly co-ordinating ether groups in the first co-ordination sphere of the metal ions can be traced back to the wrapping of the four arms creating a protective cavity made rigid by the presence of hydrogen bonds between the bound water molecule and the phenolic functions. No stacking has been observed in the crystal packing.
Electron paramagnetic resonance
The EPR spectra of a powdered sample of the Gd III complex at 295 and 120 K are similar (Fig. 4) . They have g-values centred at 2.05554 and 2.06150 with line widths of 268 and 333 Gauss, respectively, and they display a fine structure. The broadening of the signal at lower temperature suggests that spin-spin relaxation and electron dipole-nucleus dipole interaction 33 could be the dominant processes in the interaction of the uncoupled electrons of Gd III with its environment. Spin-orbit coupling is not effective in Gd III since its first excited state 6 P 7/2 is 30000 cm
Ϫ1
above the fundamental state, so that temperature independent paramagnetism can be neglected (second-order perturbation in the van Vleck equation). The fine structure should display 2S lines, generated by zero-field splitting and thus seven resonances should be observed, 34 but only six are clearly seen. In order to analyse this structured feature we have simulated the spectrum from 6 to 4105 Gauss with F. Neese's program 35 based on the perturbation theory; the following Hamiltonian describes the experimental spectrum:
where the first term represents the zero-field splitting (zfs) and the second the electronic isotropic Zeeman interaction. The following parameters reproduced the spectrum: D(anisotropic) = 1300 MHz (0.0434 cm Ϫ1 ), g(isotropic) = 2.05, g = hν/βH (here ν = 9.78 GHz), S = 7/2. A better fit with the experimental spectrum is obtained when a Gaussian rather than Lorentzian line shape is taken into consideration with an isotropic line width of 200 Gauss (W). The relatively important contribution from the D term reflects a significant zfs effect. Although this is not yet well understood theoretically, calculations taking into account admixture of 0-3% of excited states in the ground state multiplet 8 S 7/2 (mainly from the nearest excited multiplet 6 P 7/2 ) caused by crystal field effects have led to D ≈ 0.05 cm Ϫ1 . 34 Therefore, the D value found here indicates an appreciable interaction between Gd III and the ligand. Since the signal is broader at low temperature by about 20% compared to room temperature, and additionally is of Gaussian line shape, the spin-spin interaction of the unpaired electrons with the environment is the most important process in the complex. The existence of a zfs effect and the value of the D parameter reflect an anisotropy in the system, 34,36 consistent with the co-ordination geometry found in the crystal structure of the Lu complex.
Photophysical properties
The photophysical properties of the free ligand and its complexes have been studied in the solid state and in solution. Absorption spectra of 0. ) on the reflectance spectra. Ligand-centred luminescence has been investigated on the free ligand and on complexes with Gd III and Lu III . For the free ligand in the solid state or in solution, the excitation spectra match the reflectance and absorption spectra, respectively. At room temperature, excitation at 275 nm (36360 cm
Ϫ1
) results in an emission spectrum with a unique broad band centred at 307 nm (free ligand, 32570 cm Ϫ1 ) or 308 nm (complexed ligand, 32470 cm Ϫ1 ) and assigned as arising from the lowest 1 ππ* state of the ligand. In frozen solution at 77 K, an additional broad band appears corresponding to emission from the 3 ππ* state which is located at 463 nm (free ligand, 21600 cm Ϫ1 ), 425 nm (Gd III , 23530 cm Ϫ1 ) or 465 nm (Lu
III
, 21505 cm Ϫ1 ). The energy of the observed 3 ππ* state is close to that measured for the 2 : 2 Gd III complex with p-tert-butylcalix [5] arene (23640 cm Ϫ1 at room temperature in THF solution). 32 Intersystem crossing is an important step in the ligand-to-Ln III energy migration path and it has been reported for a series of Ln III complexes (Ln = Eu, Tb) with functionalised calix [4] arenes that this transfer is maximised when the ∆E( 1 ππ* Ϫ 3 ππ*) is ca. 5000 cm
Ϫ1
. 3 In our case this energy difference is much larger (9-11000 cm Ϫ1 ), so that very efficient energy transfer from the ligand onto the luminescent Eu III and Tb III ions is not expected, despite the fact
that the triplet state possesses adequate energy according to Latva and co-workers who have noted that optimised energy transfer happens when the energy of the 0-phonon component of the 3 ππ* state is located in the range 21-22000 cm Ϫ1 . 37 In addition, the distance between the lanthanide ion and the chromophoric unit is large, so that exchange (Dexter) mechanisms are minimised, leading to a decrease of the overall energy transfer process. The 3 ππ* state lifetime amounts to 227 ± 17 (Lu complex) and 56 ± 5 ms (Gd complex), the latter value being close to that reported for the complex formed with ptert-butylcalix [4] arene tetra-acetamide (L 0 : 69 ms at 77 K in CH 2 Cl 2 -MeOH 1/1 v/v).
17
The Eu III and Tb III complexes display the characteristic metal-centred luminescence, both at room temperature and at 77 K. The excitation spectrum of a solid sample of [Eu- 38 The difference with respect to the experimental value may be explained by more water molecule(s) being bound either directly to the metal ion or lying in the second co-ordination sphere (elemental analysis points to a compound with three water molecules). The influence of proximate energy-matched OH oscillators on the de-activation of Ln III ions has indeed been recently documented for complexes with cyclen derivatives. 39 Alternatively, an additional quenching mechanism may also be invoked. For instance, we note that quenching through a low lying charge-transfer state (LMCT) between the carbonyl groups and Eu III has been invoked to explain the photophysical properties of the complex with L 0 .
Since four carbonyl functions occupy the inner co-ordination sphere of the metal ion in [Eu(A 4 bL 4 )(H 2 O)] 3ϩ , a similar explanation could be put forward. However, we were unable to evidence a LMCT state neither in the absorption nor in the excitation spectra.
It is noteworthy that the lifetime of solutions in acetonitrile (10 Ϫ3 -10 Ϫ5 M) is larger than in the solid state, reaching 0.73 ± 0.05 ms, a value consistent with one inner-sphere water molecule and also in line with the observation made for the complex with L 0 for which the non-radiative deactivation rate due to the LMCT is twice as large in the solid state as in solution. 17 The relative quantum yield of the Eu-centred luminescence has been measured upon ligand excitation at 279 nm and amounts to 2%, a low value which can be traced back to the relatively poor photophysical properties of the molecular assembly, as discussed above.
The emission spectrum of a solid sample of the Tb III complex displays the 5 D 4 7 F J transitions and residual emission from the ligand triplet state. The Tb( 5 D 4 ) luminescence decay is mono-exponential and the lifetime, obtained upon excitation through the ligand states, is slightly temperature dependent, varying from 2.08 ± 0.01 at 11 K to 1.45 ± 0.01 ms at 295 K. In solution at room temperature, the lifetime is identical to the latter value: τ = 1.42 ± 0.09 ms, again consistent with the explanation given above for the small Eu( 5 D 0 ) lifetime in the solid state since the LMCT state lies at much higher energy for Tb III and will therefore not interfere with the ion de-excitation. We note that this lifetime is close to the one found for cationic complexes with cyclen derivatives for which one water molecule is co-ordinated onto the metal ion (ca. 1.6 ms). 39 The absolute quantum yield was found to be 5.8% in acetonitrile.
Conclusion
We have shown that p-tert-butylcalix [4] arene can be easily functionalised by ether-amide pendant arms and that the resulting macrocycle leads to stable 1 : 1 complexes with lanthanide ions in acetonitrile. The crystal structure of the Lu III complex shows that the four ligand arms wrap around the metal ion, forming a protective cavity, which is made rigid by the presence of one inner-sphere water molecule inserted into the arm cavity and implied hydrogen bonds to the phenolic oxygen atoms. The latter effect probably offsets the entropic disadvantage of long pendant arms and opens the way to the design of predisposed ligands bearing elongated arms without losing their complexation ability towards lanthanide ions. The hydrophobic cavity formed by the aromatic rings of the calixarene hosts an organic molecule (here diethyl ether) so that the synthesised pendant arm calixarene acts as a mixed inorganic-organic receptor. The experimental results gathered both in the solid state (X-ray diffraction, IR, EPR, luminescence spectra and lifetimes) are consistent with a series of compounds (Eu, Gd, Tb, Lu) displaying a similar structure and solution studies (NMR, luminescence) suggest that this structure is essentially retained in acetonitrile. The photophysical properties of the complexes with Eu III and Tb III are not optimum and the quantum yields measured in acetonitrile are relatively low. However, further derivatisation of the arms with more adequate groups 40 could easily lead to more luminescent edifices. Moreover, this study demonstrates once more the potentiality borne by the calixarene platform to complex simultaneously inorganic and organic guests, a fact which could be of importance in the modelling and design of extraction processes. Indeed, recent molecular dynamics and quantum mechanical simulations have demonstrated the sensitivity of these processes to experimental conditions such as counteranion and solvent composition. and p-tert-butylcalix [4] arene (Acros Chemicals) were used without purification. Tetrahydrofuran and toluene were distilled over Na and acetonitrile over CaH 2 . Lanthanide trifluoromethanesulfonates (triflates) were prepared from the oxides (Rhône-Poulenc, 99.99%) and triflic acid. Elemental analyses were performed by Dr H. Eder (Microchemical Laboratory, University of Geneva, Switzerland). H 3 ) 3 ), 13.5, 13.4, 13.0, 12.9 (C 6 ).
Physicochemical measurements
The IR spectra were measured on a Mattson Alpha Centauri FT spectrometer as KBr pellets or as film on AgCl for oily samples. ES-MS spectra were measured on a Finnigan SSQ 710C spectrometer driven by a Digital Personal station 5000/25 on 10 Ϫ4 M solutions in methanol or dried acetonitrile. NMR spectra were recorded on Bruker AM-360 or DRX Avance 400 spectrometers; δ were referenced to TMS or to CD 3 CN. Analysis of the NMR data in terms of stability constants was done with the program MINEQL ϩ . 24 Electron paramagnetic resonance (EPR) spectra were recorded at X-band and from 4 to 6715 G at 300 and 120 K with a Bruker ECS 106 spectrometer. Low resolution luminescence spectra and lifetimes (at least five determinations) were recorded on a Perkin-Elmer LS-50B spectrofluorimeter at 295 and 77 K. The quantum yields of the metal-centred luminescence were determined in degassed and anhydrous CH 3 CN at room temperature with respect to a corresponding complex with a cyclen derivative (L = 1,3,7,10-tetrakis[N-(4-phenylacetyl)]carbamoylmethyl-1,4,7, 10-tetraazacyclododecane) 41 using the following formula: 3ϩ (Q abs = 25%). 41 High resolution laser excited luminescence spectra have been measured at low temperature (12 K) using published procedures.
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X-Ray crystallography
White platelet crystals of the Lu III complex were obtained by slow vapour diffusion of Et 2 O into a 0.005 M solution of the sample in CH 3 CN. Diffraction data were collected at 143 K on a crystal 0.15 × 0.10 × 0.08 mm 3 with the help of a mar345 imaging plate diffractometer. Data reduction was performed with the program marHKL (release 1.9.1). 43 The structure was solved with ab-initio direct methods. 44 The structure was refined using full-matrix least-squares on F 2 with all non-H atoms anisotropically defined. H atoms were placed in calculated positions using the "riding model" with U iso = 0.08 Å 2 . Due to the poor quality of data, several problems were encountered during the refinement, related to the disorder shown by three ethyl chains (C57, C58; C67, C68; C73, C74), by one CF 3 SO 3 Ϫ anion (S3, O20, O21, O22, C79, F7, F8, F9) and an external solvent molecule (O24, C84, C85, C86, C87). Reasonable parameters for such atoms were obtained by applying geometrical and rigid-body restraints. Structure refinement, molecular graphics and geometrical calculation have been carried with the SHELXTL software package (release 5.1). 45 The co-ordination polyhedron (Fig. 3) was drawn with the help of the program PACHA. 46 Experimental details are listed in Table 4 .
CCDC reference number 166258. See http://www.rsc.org/suppdata/dt/b1/b105513p/ for crystallographic data in CIF or other electronic format. 
